Background {#S0001}
==========

Type 2 Diabetes (T2DM) is the most common heterogeneous metabolic disease, characterized by hyperglycemia accompanied by disorder in the metabolism of proteins, lipids, and carbohydrates. Enhanced hepatic glucose synthesis, impaired insulin release, and effect on peripheral tissues are the main contributing factor for developing T2DM. T2DM is one of the oldest and most prevalent diseases consist of about 90--95% of all diabetes cases.[@CIT0001] T2DM is becoming more prevalent due to the increased obesity in the population. In 2017, about 425 million people worldwide have diabetes mellitus; this figure expected to rise more than 629 million by the year 2045. The increasing prevalence of diabetes is of concern because of the morbidity and mortality associated with the disease. Besides, in 2017, diabetes mellitus prevalence in Ethiopia was 5.2%.[@CIT0001],[@CIT0002]

Insulin is an anabolic hormone synthesized by β- cells of islets of the pancreas and has a key role in keeping glucose metabolism in our body. Insulin suppresses the blood glucose level by suppressing its release from tissue and facilitates glucose uptake through hexose transporters into different tissue, especially the liver, muscle, and adipose tissue.[@CIT0003] Insulin exerts its activity by activating insulin receptors, which stimulate glucose transporters (GLUT4) insertion from the intracellular site to the cell membrane, making the cell efficiently uptake glucose. Besides, insulin facilitates the lipid, protein and glycogen synthesis, and block proteolysis, lipolysis, and glycogenolysis.[@CIT0002],[@CIT0004]

In T2DM tissue sensitivity to insulin decreases. The proposed mechanism is the downregulation of insulin receptors and signals cascade malfunction that links receptor activation with corresponding cellular effects. Several biochemical pathways show the relationship between hyperglycemia and vascular complications.[@CIT0005] Uncontrolled diabetes causes acute complications like diabetic ketoacidosis and nonketotic hyperosmolar coma. Chronic complications consist of several tissue damages that result in stroke, foot ulcers, impaired immunity, renal failure, cardiovascular disease, and eye damage.[@CIT0006] Blood glucose level regulation from an early stage decreases a diabetic complication that causes a decreased quality of life. So, the search for new orally active insulin-mimetic agents with improved benefit-risk profiles continues.

Several options of drugs available to treat T2DM including glucose-lowering agents like which suppress hepatic glucose production and increase glucose uptake, insulin secretagogues, like sulphonylureas and meglitinides, which enhance insulin secretion from pancreatic β-cells, peroxisome proliferator-activated receptor-γ (PPAR-γ) activator-like thiazolidinediones, which enhance insulin sensitivity and α-glucosidase inhibitors which block glucose production in the gut, Sodium-Dependent Glucose Co-Transporter 2 (SGLT2) Inhibitors, glucagon-like peptide 1 (GLP-1) Receptor agonist and DPP-4 inhibitors.[@CIT0007] Those drugs act by different pharmacological actions; enhance insulin secretion, increase insulin sensitivity, suppress hepatic glucose production, and inhibit glucose reabsorption by the kidney.[@CIT0008] Unfortunately, none of these anti-diabetic agents used to manage hyperglycemia do not stop or reverse disease progression and even may have severe side effects and comorbidities. For example, treatment of T2DM patients with insulin, meglitinides, and sulfonylureas associated with weight gain, hypoglycemia, and treatment with thiazolidinediones may cause osteoporosis, increased risk of heart failure, fluid retention, urinary bladder cancer, and hepatotoxicity. Besides, the Anti-diabetic agents like metformin, sulfonylureas, and GLP1 agonists lose their efficacy.[@CIT0009]

Several studies demonstrated that approximately half of the T2DM patients need a new drug that lacks the side effects of conventional anti-diabetic drugs and can regulate long-lasting blood glucose concentration.[@CIT0010] This necessitates pharmaceutical companies continue searching to identify a novel therapeutic agent that acts at a new target site with a novel mechanism for glycemic control and several new drugs are under clinical trials. There is optimism that in the next few years, novel classes of anti-diabetic drugs, which are under clinical trial, will offer extra control over blood glucose amount via complementary mechanisms of action.[@CIT0011] Understanding of mechanisms of actions of anti-diabetic drugs, signaling pathways and therapeutic targets of T2DM can help to develop crucial anti-diabetic agents.[@CIT0010],[@CIT0011]

The present review summarizes a variety types of promising therapeutic targets and their role in T2DM including protein tyrosine phosphatase 1 B (PTP-1B) inhibitor, free fatty acid receptors 1 (FFAR1), aldose reductase, glycogen phosphorylase (GP), fructose-1, 6-bisphosphatase (FBPase), glucagon receptor antagonist and phosphoenolpyruvate carboxykinase. This review also gives a medium on which future drug design and development toward diabetes management may be model, as many of the drug candidates highlighted show promise as effective anti-diabetic chemotherapy. This information may use to plan the therapeutic strategies to manage T2DM. The anti-diabetic agents with their side effects presented in [Table 1](#T0001){ref-type="table"}. Table 1Summary of the Anti-Diabetic AgentsAnti-Diabetic GroupAgentMechanismSide EffectRefInsulin secretagoguesSulfonylureasTolbutamide Chlorpropamide Tolazamide\
Glyburide\
Gliclazide\
Glibenclamide\
GlimepirideStimulate insulin secretionHypoglycemia, weight gain[@CIT0012]Meglitinides (phenylalanine analogs)Nateglinide\
Repaglinide\
MitiglinideStimulate insulin secretionWeight gain, hypoglycemia[@CIT0013]GLP-1 receptor agonistsExenatide\
Liraglutide Dulaglutide↑ insulin secretion, delay gastric emptying, and satietyInjection, nausea, renal failure[@CIT0014]DPP-4 inhibitorsSitagliptin\
Saxagliptin\
Alogliptin\
Linagliptin\
Vildagliptin↑ incretin & insulin secretion\
↓glucagon secretionGastrointestinal tract (GIT) discomfort\
heart failure[@CIT0015]Insulin sensitizerThiazolidinedionePioglitazoneImprove insulin resistance &↑ glucose uptake in peripheral tissuesWeight gain, edema, and heart failure[@CIT0016]BiguanidesMetforminInhibits gluconeogenesis\
↑skeletal muscle uptake of glucose\
↓ absorption of glucose in intestinal\
↑ levels of GLP-1Nausea, lactic acidosis[@CIT0017]Inhibitors of GIT glucose absorptionα-glucosidase\
inhibitorsAcarbose\
Miglitol\
VogliboseInhibit carbohydrates degradation in\
intestinal villiFlatulence, diarrhea, abdominal pain\
elevate liver\
function tests[@CIT0018]Amylin analogsPramlintideSlow gastric emptyingInjection causes nausea[@CIT0019]Sodium-glucose\
cotransporter (SGLT2) inhibitorDapagliflozin\
Canagliflozin\
EmpagliflozinInhibits renal glucose reabsorptionGenital mycosis\
Bone fractures[@CIT0020]Bile acid sequestrantColesevelamMay activate bile acid/farnesoid X receptorConstipation, nausea, dyspepsia[@CIT0021]Dopamine agonistBromocriptineCentral modification of insulin resistanceHypotension, nausea, headache[@CIT0022]Exogenous insulinRapid-acting\
Short-acting\
Intermediate-acting\
Long-actingActivates insulin receptor &↓ hepatic glucose outputWeight gain, hypoglycemia\
Injection[@CIT0023]

Insulin Secretagogues {#S0002}
=====================

Free Fatty Acid Receptor Agonist {#S0002-S2001}
--------------------------------

G-protein coupled receptors (GPCRs) viewed as a source of most drug targets. Nowadays, about 40% of drugs used in the clinical practice act on GPCRs and regulate their activity either positively or negatively.[@CIT0024] Greater than 30 GPCRs identified which contribute to β-cell dysfunction, insulin resistance, and T2D. Only glucagon-like peptide 1 receptor (GLP-1R) targeted anti-diabetic agents approved to treat T2D.[@CIT0025] Free fatty acids (FFAs) activates several GPCRs expressed by human islets. These are GPR119, GPR132, GPR84, GPR120, GPR43 (FFAR2), GPR40 (FFAR1), and GPR41 (FFAR3). FFAs produce several essential activities like keeping the immune system by controlling T cell stimulation, and NF-kB signaling. Each Free fatty acid receptor expressed in several essential tissues, like pancreatic β-cells, adiposities, and immune cells.[@CIT0026]

FFAR1 expressed in pancreatic β cells, intestinal L, and K cells, which secrete the glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide, and the effect of FFAs in these cells significantly suppressed after the loss of FFAR1 role. Thus, FFAR1 agonists may act as a promising novel target, which facilitates GLP-1 secretion, which subsequently enhances insulin secretion. Thus, identification of GPCRs for FFAs is a promising strategy to develop a drug based on targeting these receptors. Several Studies using FFAR1 agonists showed better glycemic control.[@CIT0027] Currently, several agents are under in the preclinical phase, and the clinical stage and some discounted from a study like fasiglifam, which terminated in Phase III due to hepatotoxicity. New FFAR1 agonists developed by Eli Lilly, including LY2922470, P11187, SHR0534, and LY2881835 are in Phase I clinical practice. Besides, DS-1558, CNX-011-67, BMS-986118, and SAR1 are in the preclinical phase, suggesting these compounds may still prove beneficial to treat T2DM.[@CIT0028] The GLP-1 secreting effect of FFA4 in enteroendocrine cells showed using FFA4 agonists, such as TUG-891, GSK137647A, and REMD-477. In [Table 2](#T0002){ref-type="table"}, some of the GPCR agonists presented with their stage of development and company. Table 2G-Protein Receptors for Free Fatty Acids Endogenous and Synthetic AgonistsGPCR/Endogenous LigandsPhysiological RolesSynthetic Agonists (Phase)CompanyRefFFAR1 (GPR40)LCFA (C12--C16) linoleic acidStimulated insulin and incretin secretionFasiglifam (III)Takeda[@CIT0028],[@CIT0029]JTT 851 (II)Japan TobaccoAMG-837(II)AmgenASP-4178(II)AstellasLY 2881835(I)Eli LillyP 11187(I)Piramal E.Fugeliefan(I)Jiangsu HengruiLY 2922470(I)Eli LillyGPR119/GsLCFA, Oleoylethanolamine, and N-oleoyldopamineActivates GLP-1\
Glucose stimulated insulin secretion Decreases food intakeMBX 2982(II)CymaBay Therapeutics[@CIT0030],[@CIT0031]PSN821(II) discontinuedProsidionLEZ 763(II)NovartisDS 8500(II)Daiichi SankyoBMS 903452 (I)Bristol-Myers SquibGSK1292263(II)GlaxoSmithKlinePSN-821(II)AstellasGPR84MCFA, capric acid, undecanoic acid, lauric acidProinflammatory receptor expressed on immune cells which contribute Obesity-induced insulin resistance by promoting inflammationCompound 1There is no compound under clinical trial[@CIT0031]GPR132LCFA n-acyl amides, commensal metabolitePromotes chemotaxis and proliferationCompound 1There is no compound under clinical trial[@CIT0032]GPR109ASCFA(C4--C8), butyrateActivation may cause insulin resistanceGSK256073(1)GlaxoSmithKline[@CIT0033]FFAR2 (GPR43)SCFA(C2--C7) formate, acetate, propionate, butyrateImmunosuppression, inhibition of lipolysis, insulin-mediated fat accumulationESN280Euroscreen[@CIT0034]2-methyl acrylic acid, AZ1729There is no compound under clinical trialFFAR3 (GPR41)SCFA (C3 -C5), acetate, propionateAnti-inflammation, activation causes the release of leptin AdipogenesisGW-9508There is no compound under clinical trialFFAR4 (GPR120)LCFA(C14--C18), palmitoleic acid, a-linolenic acid, docosahexaeonoic acidInhibit apoptosis Activates GLP-1 secretion, insulin sensitization, anti-inflammatory, and anti-obesity effectsGrifolic acid MEDICA16\
Compound A\
GW9508There is no compound under clinical trial[@CIT0035][^1]

Inhibitor of Hepatic Glucose Production {#S0003}
=======================================

Even if there is a time of feeding and fasting, a healthy person's blood glucose level kept constant. Several enzymes and hormones regulate the amount of glucose in the blood either by the breakdown of glycogen, Gluconeogenesis or absorption from GIT.[@CIT0036]

Glucagon Receptor Blocker {#S0003-S2001}
-------------------------

Glucagon is a hormone synthesized by pancreas α-cells and released when blood glucose amounts lowered during fasting. Glucagon facilitates hepatic glucose production by glycogenolysis and gluconeogenesis by activating glucagon receptor. Glucagon also inhibits glycogen synthesis but facilitates lipolysis. It also antagonizes insulin effect to inhibit these processes.[@CIT0037] The enhanced glucagon activity and the decreased insulin-mediated suppression of glucagon activity contribute to hyperglycemia and ketoacidosis in T2DM patients. Thus, either suppression of glucagon level by immunoneutralization or inhibiting glucagon receptors, which are the GPCR family, represent an attractive strategy for regulating fasting blood glucose amount in T2DM patients.[@CIT0038] A study on glucagon receptor gene knockout mice with streptozotocin-induced diabetic displayed enhanced glucose tolerance, increased GLP-1 amount, and less pancreatic β-cell injuries. Regulating blood glucose concentration in these mice occurs due to either enhanced GLP-1 amount or decreased glucagon activity.[@CIT0039]

Immunoneutralization of glucagon in animal models displayed decreased blood glucose amount and glycosylated hemoglobin A1c levels. It is clear from the studies that the immunoneutralization of glucagon is a novel target for the management of T2DM.[@CIT0037],[@CIT0038]

Glucagon receptor blockers inhibit the effects of glucagon at its receptor. Several studies identified glucagon derived glucagon receptor blocker by the change of some amino acid sequences. Glucagon derived agent isolated include Trp25, Asp21, Ser16, Asp15, Tyr13, Lys12, Ser11, Tyr10, Ser8, Phe6, His1and bicyclic 19-residue peptide BI- 32169, Des-His(1)-\[Glu(9)\]-glucagon amide.[@CIT0040]

Monoclonal antibodies against the glucagon receptor including, LY2786890 (Lilly), PF-06293620 (Pfizer), and REMD-477 (REMD Biotherapeutics) are in the clinical trial. Besides, several oral glucagon receptor antagonists identified including, NNC25-0926, Skyrin, Bicyclic 19-residue peptide BI-32169, Des-His (1)-\[Glu(9)\]- glucagon amide, Spiro-urea, and Benzimidazole. Agents like MK-0893(Merck), MK-3577(Merck), Bay27-9955(Bayer), and LY2409021 (Lilly) terminated clinical trial in Phase II. Agents like PF-06291874 (Pfizer) in Phase I, LGD-6972 (Ligand Pharmaceuticals) in Phase II, and RVT-1502 (Metavant Sciences) in Phase II are in a clinical trial.[@CIT0041]

Glucokinase Activators {#S0003-S2002}
----------------------

Glucokinase (GK), also known as hexokinase IV, is one of the Hexokinase families, which has a key role in glucose metabolism. In the liver, GK facilitates glucose uptake and glycogen synthesis. GK phosphorylates glucose to glucose-6-phosphate, which may enter the mitochondrial to produce pyruvate or use as a substrate for glycolysis. These processes facilitate glucose clearance.[@CIT0042] In pancreatic β cells, GK regulates glycolytic and oxidative ATP synthesis. GK increases ATP/ADP ratio, which closes the K+ channel, and makes the cell depolarized resulting in insulin secretion in [Figure 1](#F0001){ref-type="fig"}. Elevated blood glucose level induces GK expression in pancreatic β cells and sensitizes them to glucose-stimulated insulin synthesis and secretion.[@CIT0043] Figure 1The role of Glucokinase activators.

GK is a promising attractive target for developing an anti-diabetic agent due to its glucose sensor effect in pancreatic β-cells. GK limits the rate of glucose clearance, and glycogen production, all these processes are a malfunction in T2DM. Mice with Hepato-selective GK over-expression have better glucose tolerance and that do not express GK fail to secrete insulin and die within days with diabetes.[@CIT0044] In humans, heterozygous mutations in the GK gene lead to stable chronic hyperglycemia, called MODY2 (maturity-onset diabetes of the young), which lead to defective in insulin release.[@CIT0045]

GK activators promote glucose metabolism in the liver and enhance insulin secretion. GK activators also increase the growth of pancreatic β cells and inhibit apoptosis due to glucotoxicity and oxidative stress. In the liver GK activity controlled by GKRP (GK regulatory protein), which forms a complex with GK in the presence of fructose-6-phosphate (Fru-6-P). Fructose-1-phosphate (Fru-1-P) blocks the inhibitory effect of GKRP by the displacing Fru-6-P, facilitating GK to move to the cytoplasm in an active state where it enhances glucose metabolism. Several studies were undertaken to identify novel agent Fru-1-P mimetics to inhibit GKRP.[@CIT0046]

Several GK activators identified during the past decades. Agents like R1511 or GK3, PF 04937319, TMG-123, HMS5552, TTP3999, Dorzagliatin, and PF-04937319 effectively control blood glucose level in clinical trials. There are also other agents undergoing the preclinical trial including, R1440 GKA2, GKA 50, YH GKA, PSN 010, MK-0941, ZYGK1, Ro-28-1675. Some agents like AZD6370, piragliatin, DS-7309, and ARRY-403 also terminated their drug development due to toxicity and loose of effectiveness with long-term administration.[@CIT0047]--[@CIT0051] Some examples of the GK activator presented in [Table 3](#T0003){ref-type="table"} with their stage of development and company. Table 3Glucokinase Activators in Clinical DevelopmentCompanyProduct NameDevelopmentRefAdvinus TherapeuticsGKM-001Phase II[@CIT0047]Array BioPharma Inc.Array −403 (formerly AMG151)Phase II discontinued[@CIT0048]Pfizer Inc.PF-04937319Phase II[@CIT0048]RocheDorzagliatin or HMS5552 (formerly RO5305552)Phase I[@CIT0049]Teijin Pharma Ltd.TMG-123Phase II[@CIT0050]TransTech Pharma Inc.GKI-399 (TTP399)Phase II[@CIT0051]

Fructose 1, 6-Bisphosphatase Inhibitors {#S0003-S2003}
---------------------------------------

Fructose-1, 6-bisphosphatase (FBPase) is a crucial rate-limiting enzyme in the hepatic glucose synthesis. It catalyzes the hydrolysis of fructose-1, 6-bisphosphate to fructose-6-phosphate and phosphate. Several studies demonstrated that gluconeogenesis is a key contributor to enhanced blood glucose concentration during fasting in T2DM patients.[@CIT0052] Thus, the isolation of the FBPase-1 blocker is a promising novel target for effective fasting blood glycemic regulation. Inhibitors of the FBPase bring a new way of treatment because most of the present anti-diabetic drugs act by facilitating the insulin release or decreasing insulin resistance and do not inhibit gluconeogenesis.[@CIT0053]

The importance of the FBPase enzyme as a target to develop a new drug-related to its site in the gluconeogenesis as displayed in [Figure 2](#F0002){ref-type="fig"}, which makes inhibition of gluconeogenesis from all substrates while avoiding their effects on glycogenolysis, glycolysis, and the tricarboxylic acid cycle.[@CIT0054] Figure 2Hepatic gluconeogenesis pathway and site of FBPase inhibitor.

FBPase inhibited by natural occurring metabolites like fructose-2, 6-bisphosphate, and AMP. These metabolites suppress glucose concentration without hypoglycemia. There are other inhibitors including, MB07803 (Phase II), Anilinoquinazolines, VK0612 (Phase II), and managlinat dialanetil (Phase II) are in clinical development.[@CIT0055]

Glutamine Fructose-6-Phosphate Amidotransferase (GFAT) Inhibitor {#S0003-S2004}
----------------------------------------------------------------

T2DM characterized by insulin resistance, decrease insulin secretion and increased glucose production. Several studies have shown hyperglycemia contributes to developing insulin resistance and vascular complication, even though the biochemical mechanisms causing these effects have not yet understood.[@CIT0056]

The hexosamine pathway proposed as one of the biochemical factors that may contribute to the enhanced glucose synthesis, glucose-induced insulin desensitization, decreased insulin release, glucose-induced growth factor induction, diabetes-associated macrovascular complications, and glomerulosclerosis.[@CIT0056],[@CIT0057] The pathway involves the synthesis of UDP-GlcNAc. Glucose metabolized to fructose-6 phosphate. Then fructose-6 phosphate metabolized by glutamine: fructose-6 phosphate amidotransferase (GFAT) into glucosamine-6 phosphate (GlcN-6-P) as shown in [Figure 3](#F0003){ref-type="fig"}. Finally GlcN-6-P metabolized to UDP-N-acetylglucosamine (UDP-GlcNAc) which uses to synthesis glycosyl side chains of proteoglycans, glycolipids, glycoproteins, and gangliosides. GlcN-6-P proposed to contribute to the glucotoxicity in diabetes.[@CIT0057]

GFAT is the rate-limiting enzyme in the hexosamine pathway. Inhibiting GFAT enzymatic activity results in suppressed glucose levels in diabetes. Thus, inhibition of GFAT helps in the prevention of hyperglycemia-induced TGF-*α* and TGF-*β*1 induction, insulin-resistance, and diabetes-associated macrovascular complications. GFAT inhibitor azaserine prevented the expression of active TGF-β1. These findings show the effect of the hexosamine pathway in regulating TGF-β1 expression.[@CIT0058] Figure 3Hexosamine synthesis pathway.

Pyruvate Dehydrogenase Kinase Inhibitors {#S0003-S2005}
----------------------------------------

Pyruvate dehydrogenase complex (PDC), which is a crucial enzyme in reducing blood glucose levels in a well-fed state, which directs the entrance of glycolytic products into the citric acid cycle by catalyzing the decarboxylation of pyruvate to acetyl- CoA and CO2 as shown in [Figure 4](#F0004){ref-type="fig"}. During fasting state, inhibition of PDC helps to keep blood glucose amount by conserving three-carbon substances (pyruvate, alanine, and lactate) for gluconeogenesis. PDC activity controlled by pyruvate dehydrogenase kinases (PDHK) which phosphorylate to inactivate PDC and dephosphorylation by the opposing pyruvate dehydrogenase phosphatases help to reactivated PDC.[@CIT0059]

Enhanced hepatic gluconeogenesis causes hyperglycemia in T2DM with fasting blood glucose concentration. Suppressing the level of gluconeogenic precursors, by facilitating the oxidation of pyruvate in peripheral tissue, is a promising approach for decreasing excessive gluconeogenesis.[@CIT0060] Pyruvate is a precursor for the synthesis of glucose, fatty acids, glycerol, and nonessential amino acids. The up-regulation of PDK4 occurs in humans with T2DM. Inhibition of PDHK in muscle enhances glucose utilization by increasing pyruvate oxidation, decreases the level of compound (alanine, lactate) for gluconeogenesis in the liver.[@CIT0059],[@CIT0060] Now a day several PDHK inhibitors are in a clinical trial including, JTT-251, AZD 2545, and leelamine which have proven effective in lowering blood glucose levels in diabetic rodent models.[@CIT0061] Figure 4Cellular metabolism of glucose.

Aldose Reductase Inhibitor {#S0003-S2006}
--------------------------

Aldose reductase catalyzes the reduction of reactive oxygen species-toxic aldehydes to inactive alcohols, but if hyperglycemia occurs, it reduces glucose to sorbitol, the first and rate-limiting step in the polyol pathway of glucose metabolism, which later oxidized to fructose.[@CIT0062] Reducing glucose to sorbitol, depletes NADPH, resulting in decreased glutathione levels, which lead to oxidative stress. Sorbitol is hydrophilic alcohol, which accumulates in cells, resulting in osmotic stress. Osmotic and oxidative stresses are the main causes of complications of diabetes. Thus, reduction of the polyol pathway presented in [Figure 5](#F0005){ref-type="fig"} by aldose reductase inhibitor proposed as a promising therapeutic target in the treatment and prevention of diabetic complications.[@CIT0062],[@CIT0063] Figure 5The polyol pathway of glucose metabolism.

Many aldose reductase inhibitors are available as drug candidates for the treatment and prevention of diabetic complications. Epalrestat approved in Japan, China, and India for the treatment of diabetic neuropathy. Alrestatin the first aldose reductase inhibitor for diabetic cataract was effective in reducing the swelling of diabetic lenses in glucose medium. It decreased the accumulation of sorbitol in the lenses and sciatic nerves of rats with streptozotocin-induced diabetes leading to suppression of cataract formation.[@CIT0064] Sorbinil, Fidarestat, Minalrestat, Fifarestat, Imirestat, Rubrolid, zenarestat, Ponalrestat, kinostat, and Ranirestat prevented the development of cataract formation in the diabetic rat lens.[@CIT0065]

Increase Insulin Sensitization {#S0004}
==============================

Protein-Tyrosine Phosphatase 1B Inhibitor {#S0004-S2001}
-----------------------------------------

Insulin resistance occurs in most T2DM patients and forms obesity linked to metabolic syndrome. Increasing insulin sensitivity decreases abnormal glucose metabolism. The process of insulin signal transduction involves tyrosine phosphorylation in the insulin-receptor activation pathway. This process controlled by Protein-tyrosine phosphatase 1B (PTP-1B) by the dephosphorylating insulin receptor. The role of PTP-1B on insulin signaling cascades acts as a negative regulator. Hence, the inhibition of PTP-1B gives a new promising approach as a class of insulin-sensitizing agents in regulating T2DM.[@CIT0066] Reducing the PTP-1B level not only increases insulin sensitivity and enhances glucose metabolism, but also protects obesity-induced high-fat feeding. Several agents have shown increased insulin signaling and glucose tolerance in preclinical models. PTP-1B knockout mice showed enhanced insulin sensitivity, better glycemic regulation, and resistant to diet-induced obesity. In cells administered with PTP-1B antibody, insulin activated receptor autophosphorylation increased.[@CIT0067]

Besides, inhibition of PTP-1B in insulin receptor by using different compound decreases glucose-induced insulin resistance and increase insulin signaling. Several Agents like SF-5060, aquastatin A, Benzofuran, Benzothiophen, Maslinic acid, Vanadium complexes, and Ursolic acid have in vitro inhibitory activity against PTP-1B enzyme.[@CIT0068] Recent studies have identified different agents undergoing clinical trials. These are ertiprotafib (discontinued in Phase II), TTP814, Alexidine dihydrocloride, trivaric acid, BVT948, TCS401, ISIS-PTP1BRx (Phase II), KQ-791(Phase I), Trodusquemine (Phase I), and IONIS-PTP1BRx (Phase II).[@CIT0069]--[@CIT0071]

11-β-Hydroxysteroid Dehydrogenase-1 Inhibitors {#S0004-S2002}
----------------------------------------------

Glucocorticoids control several biochemical pathways. Glucocorticoids enhance gluconeogenesis in the liver. It inhibits insulin secretion and peripheral glucose uptake. Glucocorticoids also increase insulin resistance, and induce inflammatory cytokines by activating the glucocorticoid receptor in adiposities. Thus, excess cortisol related to diabetes mellitus.[@CIT0072] Thus inhibiting glucocorticoid activity by using glucocorticoid receptor antagonists is one of the most promising treatment approaches. Agents like IONIS-GCCRRx in Phase II clinical trial. But, long-term use may lead to adrenal insufficiency and may stimulate increased cortisol secretion.[@CIT0073]

Due to this reason, the current approach directed to tissue-specific glucocorticoid metabolism, by inhibiting 11*b*-hydroxysteroid dehydrogenase (11*b*-HSD), which catalyzes the conversion of cortisone, to the active form cortisol without affecting the pituitary-adrenal axis. Overexpression of 11b-HSD related to metabolic syndromes like T2DM and obesity. Thus, inhibition of 11b-HSD improves insulin sensitivity, hyperglycemia, and lipid profile.[@CIT0074] several classes of 11b-HSD inhibitors are in clinical trials. These are Arylsulfonamidothiazoles, Carbenoxolone, RO151, Adamantyltriazoles, Anilinothiazolone, MK-0736, RO838, BVT2733, PF-00915275 (Phase II), INCB 13739 (Phase II), Glycyrrhetinic acid (Phase II), and MK-0916 (Phase II).[@CIT0075]

Inhibitors of 17β-Hydroxysteroid Dehydrogenase 1 (17β-HSD1) {#S0004-S2003}
-----------------------------------------------------------

17β-HSD1 plays a key role in the local synthesis of the most potent estrogen estradiol. Its expression is a characteristic marker for the diagnosis of patients with T2DM. The 17β-HSD1 inhibition is under consideration for T2DM treatment.[@CIT0076] several studies revealed that increased estrogen levels linked to increased insulin resistance. In estrogen target cells 17β -HSD1 catalyze the NADPH-dependent reduction of estrone to the potent 17β-estradiol, which leads to overexpression of 17β -HSD1 in breast tumor cells. In postmenopausal women, hormone proliferation led by increased levels of estrogen, thus it is a promising novel therapeutic target.[@CIT0077]

Fibroblast Growth Factor-21 {#S0004-S2004}
---------------------------

Fibroblast growth factor 21 (FGF21) is a metabolic regulator. Most portions synthesize by the liver. FGF21 reduces blood glucose concentration and improves the lipid profile in animal models of obesity and T2DM. It enhances insulin sensitivity and glucose uptake by upregulating GLUT1 expression in adiposities.[@CIT0078] FGF21 regulates body weight and has a key role during nutritional deprivation and ketogenic state. The target sites for its metabolic effect are adipose tissue, liver, and pancreas.[@CIT0079]

Transgenic mice with FGF21-overexpression were resistant to diet-induced obesity. FGF-21 administration in obese and insulin-resistant mice and monkeys, increases energy expenditure, insulin sensitivity, weight loss, and makes normal glucose, triglyceride, insulin, glucagon, and lipid level. Hypoglycemia was not displayed during the study period.[@CIT0080] FGF21 activities are insulin-independent and give the additive effect of insulin-induced metabolic activities. While insulin acts by enhancing glucose uptake within minutes, FGF21 activity mediated through gene expression changes. In a recent study, FGF-21 analogs like BMS-986036, which is in Phase II, and LY 2405319 showed effective as glucose and lipid-lowering drug.[@CIT0081]

Sirtuin-1 Activators {#S0004-S2005}
--------------------

Aging is a risk factor for developing T2DM.[@CIT0082] Studies on calorie restriction (CR) without malnutrition retard aging in yeast, worms, flies, and rodent. The beneficial effects of CR involve the function of silent information regulator 1(sirtuin-1), which is NAD^+^-dependent protein deacetylase catalyzes acetyl groups removal of lysine residues which induced by CR in various tissues.[@CIT0083] Sirtuin-1 involved in inflammation, gene repression, metabolic regulation, cell survival and apoptosis, DNA repair, neuroprotection, and aging. Sirtuin-1 also controls glucose homeostasis by regulating insulin secretion and protecting pancreatic β-cells, improves insulin resistance by facilitating post insulin signaling, suppressing inflammation, and hepatic glucose production.[@CIT0082],[@CIT0083]

The significance of sirtuin-1 on the effects of CR shown by using Sirtuin-1 transgenic mice, which displayed CR-like phenotype, reduced fasting glucose level, and greater glucose tolerance. Besides, a 25% reduction in calorie intake for 6 months in nonobese young adults led to the upregulation of sirtuin-1 accompanied by a decrease in visceral fat mass, insulin resistance, and oxidative stress. Thus, under the excess energy intake, decreased sirtuin-1 activity may contribute to developing insulin resistance and T2DM. Thus, sirtuin-1 activation as a CR mimetic is a promising therapeutic target to treat insulin-resistance T2DM.[@CIT0084]

Resveratrol a natural polyphenolic substance extracted from grapes is a sirtuin-1 activator, which has a good blood controlling effect. Administration of several Synthetic sirtuin-1activating agents like SRT2379 (Phase I), SRT3025 (Phase I), SRT2104 (Phase I), and MHY2233 to high fat diet-induced obese mice improved insulin sensitivity and decreased plasma glucose level.[@CIT0085]--[@CIT0087]

Anti-Inflammatory Therapies {#S0004-S2006}
---------------------------

In T2DM patient adiposities are in a state of inflammation and release proinflammatory mediators like Tumor necrosis factor-alpha (TNF-α), and interleukin-1b (IL-1b). Studies showed that inflammation has a significant effect on the pathogenesis of T2DM, insulin resistance, impaired insulin secretion, and its complications. Several studies showed that drugs that reduce inflammation increase insulin sensitivity and improve glucose control in insulin-resistant patients with T2DM.[@CIT0088]

IL-1 receptor antagonists like canakinumab decreased HbA~1c~, increased insulin sensitivity, and secretion but terminated their development at Phase III due to inadequate efficacy.[@CIT0089] Diacerein, which is in Phase III, inhibits the effect of IL-1b and down-regulates IL-1R.

Salsalate, a prodrug of salicylate, has shown beneficial effects on glycemia, and insulin sensitivity, through inhibition of the NF-κB pathway, which has a key role in the pathogenesis of T2DM and becomes promising therapeutic targets.[@CIT0090] TNF-α is a pro-inflammatory mediator secreted by macrophages that induce tissue-specific inflammation, impair insulin transduction, and affect glucose metabolism. Anti-TNF-α (etanercept, infliximab, adalimumab), reduced insulin resistance in T2DM. The Newer hypothesis proposed that inhibition of more than one inflammatory mediator might have a promising effect.[@CIT0091]

Ghrelin Receptor Antagonism {#S0004-S2007}
---------------------------

Ghrelin (the hunger hormone) is an appetite-stimulating hormone secreted by the gastric mucosa and human islets, which acts at the ghrelin receptor (GHSR). Blood levels of ghrelin increase with fasting and decrease after a meal. It also has a variety of metabolic functions like blocking insulin release; activate glucagon secretion, impairing insulin sensitivity, and accelerates gastric emptying.[@CIT0092] GHSR antagonism is a promising strategy to treat diabesity. Reduced intake of food, weight loss and improved glucose tolerance displayed in mice treated with ghrelin antagonists like TZP- 102 (Phase II) and NOX-B11.[@CIT0093]

Obestatin is an anorexigenic peptide that exists in the same neuroendocrine cells as ghrelin but antagonizes the effects of ghrelin on food intake, appetite, gastric emptying. obestatin protects diet-induced insulin resistance, increases β-cell proliferation and survival, and suppress inflammation-induced β-cell death. To translate this into a therapeutic concept, a ghrelin antagonist can combined with an obestatin agonist to simulate this tilt in ratios.[@CIT0094]

Diacylglycerol O-acyltransferase-1 Inhibitors {#S0004-S2008}
---------------------------------------------

Diacylglycerol O-acyltransferase-1(DGAT-1) inhibitors have emerged as a promising therapeutic agent against diabetes. It catalyzes the final step of triglyceride synthesis from diacylglycerol and acyl-CoA. Inhibition of DGAT-1 suppresses fat synthesis, increase incretin release, and insulin-induced glucose uptake.[@CIT0095] The combined effects from these actions may contribute to the beneficial effects including weight reduction, enhanced insulin resistance, and hyperlipidemia. DGAT1 knockout mice showed increased insulin sensitivity.[@CIT0096] Several DGAT1 inhibitors are in clinical development including, LCQ-908 (Phase II), AZD-7687(Phase I discontinued), P7435 (Phase II), and PF-4620110 (Phase I discontinued). Besides, companies like Abbott (A-922500), Roche (RO-6036), and AstraZeneca (AZD-3988) disclosed preclinical compounds.[@CIT0097]

Chelating Therapy for Diabetic Complications {#S0004-S2009}
--------------------------------------------

Many trace elements are essential for human metabolic processes. Oxidative stress contributes to the pathogenesis of T2DM.[@CIT0098] Metals generate oxidative stress, acts as a pro-oxidant and catalyzes free radical formation.[@CIT0099] Metals also involved in the formation of advanced glycation end products, protein oxidation, and lipoxygenation, which contribute to developing T2DM complications.[@CIT0100] several studies showed that high levels of iron and copper contributed to the incidence of T2DM and insulin resistance.[@CIT0101] Copper identified as a key player in several metabolic derangements.[@CIT0102]

Chelating agents inhibit metal-catalyzed production of reactive oxygen species, thereby inhibiting chemical damage to proteins and subsequent pro-inflammatory cascades. Using copper and iron chelator is a promising treatment strategy to prevent/reverse organ damage in diabetes, heart failure, and neurodegenerative diseases.[@CIT0103] Triethylenetetramine is the first in a new class of copper chelator anti-diabetic agents, which suppresses copper-mediated oxidative stress and restores anti-oxidant defense. The drug facilitates urinary Copper excretion in patients with T2DM and rats with streptozotocin-induced diabetes and restores cardiac structure and function in both groups.[@CIT0104]

Conclusion {#S0005}
==========

The treatment of T2DM presents several management challenges, but treatment with a new drug that acts on novel targets are a welcome addition to complement the present drugs. Regulation of Blood glucose levels is crucial for the successful treatment of T2DM. Although the presence of several agents that act with a different mechanism, no one can reverse the disease progression or maintain normal glucose metabolism. Thus, developing newer agents with novel targets provides an opportunity for treating diabetes efficiently in the future. A range of novel targets with new agents has shown significant activity like the one GPR119 agonists have significant potential for meeting the needs of T2DM patients because of their safety profile, lack of weight gain, and beta-cell preservation effect.

The 11β-HSD-1 inhibitor may safe and efficacious agent that lowers fasting blood glucose, A1c and weight. The glycogen phosphorylase inhibitors showed rapid and safe blood glucose decreases in mice without the risk of hypoglycemia. GK inhibitors in clinical trials showed a significant decrease in glucose levels in insulin-resistant patients.

These compounds show promising effects and deserve as a novel candidate in the treatment of diabetes. Besides, these agents with promising activity and well-defined mechanisms considered as key candidates in the design and development of novel and more effective synthetic compound based modulators. Further studies will help to define these new and emerging antihyperglycemic agents' roles in therapy.
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